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ABSTRACT
The excited state and ground state potential surfaces
are calculated for the photoionization of Pararosaniline
leucocyanide using MNDO-SCF and INDO-SCF-CI molecular orbital
methods. These potential surfaces are corrected for influence
of polar media using Onsager reaction field theory and
incorporating dipole-dipole interaction. These calculations
support a mechanism of photochromism in which
photodissociation occurs from the first singlet excited
state.
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INTRODUCTION
Photochromism, the reversible change in absorption
spectra of a chemical species as a result of exposure to
electromagnetic radiation, was first reported by ter Meer
(1). Photochromic reactions have been observed to occur by a
variety of mechanisms including cis-trans isomerism,
heterolytic cleavage, homolytic cleavage, tautomerism, and
development of color centers in inorganic solids. This
striking photochemical reaction is observed in thousands of
substances in many different chemical classes.
A number of diverse commercial applications of
photochromism have been -explored. These include automatic
flash blindness protection devices for the human eye and
other optical instruments, high speed camera shutters,
information storage and display screens, and radiation
actinometers and dosimeters. The most commercially successful
application has been the Corning Photogray glass. Reviews of
the research in the field and discussion of the
commercialization of photochromic, electrochromic, and
thermochromic materials has been given by Brown (2) and
Macnair (3) .
The majority of commercial applications of organic
photochromic materials employ members of the 2H-pyran,
spiropyran, family. The photochromic properties of these
materials were first reported by Fisher and Hirshberg (4).
These materials have received significant attention in both
academic and industrial research laboratories; however,
quantitative studies of the photochromic behavior of a large
group of spiropyran materials is presently lacking (2).
Another important class of organic photochromic
materials is the tri arylmethane family. Leucocyanides,
leucobi sulfites, and leucohydroxides of the triarylmethanes
undergo photolysis to form tri arylmethane dyes. The
triarylmethane dye may thermally recombine with an anion to
reform a colorless leuco material. The utility of any
photochromic system of this type is determined by the number
of cycles of photocol oration and fading a system can undergo
and the optical density difference between the colored and
colorless form of the photochromic material. The latter
requirement is satisfied because the tri arylmethane
leucocyanides are essentially colorless in solution, and the
photoproduct tri arylmethane dyes have molar extinction
coefficients of 5 to 10 X 101*. However, fatiguing side
reactions have frequently limited the number of photochromic
cycles which could be sustained by a tri arylmethane system.
The study of these fatiguing reactions and the general
mechanistic study of tri arylmethane photochromism has been a
subject of investigation for the past 70 years.
Lifshitz and Joffe (5-6) followed the photolysis and
recombination reactions of Malachite Green (Table 1),
Brilliant Green, Crystal Violet, Pararosaniline leucocyanides
in absolute ethanol by conductance measurements. Solutions
Table 1. Chemical names of some common tri arylmethane
leucocyanides.
Brilliant Green
1 eucocyani de
Crystal Violet
1 eucocyani de
bis (p-N,N-di ethyl ami nophenyl )-
phenyl acetoni tri 1 e
tris(p-N,N-dimethylaminophenyl )
acetonitrile
Malachite Green
1 eucocyani de
bis (p-N,N-dimethyl ami nophenyl )
phenylacetoni tri 1 e
Pararosani 1 ine
1 eucocyani de
tris(paminophenyl ) acetonitrile
Victoria Blue B
1 eucocyanide
bis (p-N,N-dimethyl ami nophenyl )-
N-pheny1 -1-naphthyl amine-acetoni tr i 1 1
of 0.001N Malachite Green leucocyanide and Brilliant Green
1 eucocyani de showed increased conductance after prolonged
irradiation with mercury and iron-nickel arc lamps. After
these solutions were allowed to stand for several days the
conductance value prior to irradiation was observed. These
conductivity results were reproduced over a series of cycles
of irradiation followed by a period of standing in darkness.
For 0.002N solutions of Crystal Violet leucocyanide and
Pararosaniline leucocyanide, Lifshitz and Joffe obtained
increased conductance after the initial irradiation; however,
conductance values higher than those of the solutions before
irradiation were obtained after periods of standing in
darkness. In similar experiments with Malachite Green
leucohydroxide and Crystal Violet leucohydroxide, increasing
conductance was observed during periods of dark standing.
In addition to conductance measurements, Lifshitz and
Joffe (6) reported the use of tri arylmethane leucocyanides
and leucohydroxides in electrochemical concentration cells.
Each half of the cell consisted of a silver-silver cyanide
electrode immersed in an ethanol ic solution of the
tri arylmethane leucocyanide. The two half-eel Is were
separated by a porous junction. When one half of the cell was
irradiated with a mercury arc lamp, potentials as high as 200
mv were obtained. Similar cells were prepared using
silver silver oxide electrodes and ethanol ic solutions of
tri arylmethane leucohydroxides.
On the basis of these experiments, Lifshitz, Joffe, and
Girbes (5-7) proposed the first mechanism for tri arylmethane
photochromism. This mechanism involved the photodissociation
of the tri arylmethane leucocyanide (TAMCN) through a
colorless intermediate to form the tri arylmethane cation
(TAM"*") and cyanide anion.
TAMCN <==> (TAM+CN-)- <==> TAM* + CN~
In further conductance measurements on ethanol ic
solutions of Malachite Green leucocyanide and Brilliant Green
leucocyanide, De Gaouck and Le Fevre (8) found that the
initial conductance value before the first irradiation could
not be restored for any length of dark standing time after
the first photolysis. In repeated cycles of irradiation
followed by dark standing, it was found that after the first
cycle, the conductance values before and after irradiation
were reproducible over several cycles. De Gaouck and Le Fevre
explained the difference between the conductance values
obtained before and after the initial irradiation as the
result of hydrolysis reactions with the aqueous impurity
present in the ethanol solvent.
Harris, Kaminsky, and Simard (9) found fade rates
similar to Lifshitz and Joffe for Malachite Green
leucocyanide in ethanol. They spectroscopically identified
the products of the photolysis of the leucocyanides of
Malachite Green and Crystal Violet as the parent dye form of
each of these materials. They observed that the additions of
water, potassium hydroxide, or potassium cyanide increased
the rate of the fading reactions for these two materials. The
addition of hydrochloric acid to partially faded ethanol ic
solutions completely regenerated the dye materials; however,
similar additions of acid to ethanol ic solutions of the
leucocyanides of Malachite Green and Crystal Violet caused no
dye formation. This observation lead to the proposal of a
photochromic mechanism in which the product of the dark
reaction in ethanol (952) was the carbinol rather than the
leucocyanide. Germann and Gibson (10) were unable to isolate
the leucocarbinol proposed by Harris, Kaminsky and Simard.
Instead, they obtained a dark reaction product which
regenerated the dye on ultraviolet exposure or treatment with
hydrochloric acid. The absorption spectrum for their product
showed a maximum at 350 nm, whereas both the leucocyanide and
leucohydroxide have an absorption minimum at this wavelength.
Holmes (12) found no evidence of the anomalous fade
reaction product with an absorption maximum of 350 nm. The
ultraviolet sprectra of the leucoethoxide, leucohydroxide,
and leucocyanide of Malachite Green were compared to the
ultraviolet spectra of the products obtained from photolysis
of Malachite Green leucocyanide in water ethanol mixtures
modified by additions of potassium hydroxide, potassium
cyanide, and hydrogen cyanide. Small additions of potassium
hydroxide or potassium cyanide to a water ethanol solution of
the leucocyanide before irradiation yielded a mixture of the
leucohydroxide and the leucoethoxide as fade reaction
products with the leucohydroxide as the major product. In an
anhydrous ethanol solvent the ethyl ether was the predominant
fade reaction product. If hydrogen cyanide was introduced
into the solvent either before or after irradiation, the
leucocyanide was the exclusive fade reaction product. Holmes
proposed a mechanism of the following form to explain these
observations for Malachite Green (MG) .
MGOH
Ti
MG* +
0H-
MGCN
r*
r3
/
HOH
MG*
\
+
HCN
CN~
MG0C2H5
r-,
r3
r*
/
HCN
MG*
\
+
C2H50H
0C2H5-
In this mechanism, reactions r, r3, and r3
are caused by the absorption of ultraviolet radiation.
Reactions r*, r=, and r*a are the thermal
fading reactions.
Holmes continued the mechanistic study of the
photochromic behavior of Malachite Green leucocyanide in
cyclohexane, ethylene dichloride ( 1 ,2-dichlorethane) ,
ethylidene dichloride ( 1 , 1-dichloroethane) , and mixtures of
these solvents. Cyclohexane solutions of Malachite Green
leucocyanide did not support the formation of the Malachite
8Green carbonium ion. Instead, irradiation of these solutions
with a low-pressure mercury lamp in Pyrex and quartz
containers produced a material which had a uniform absorbance
in the region of 280-310 nm. The increase in the absorbance
in this region was found to be proportional to the decrease
in the absorbance of the leucocyanide. Holmes suggested that
this was some form of loosely configured polymer-like
material, although this was not experimentally demonstrated.
In ethylene dichloride, the formation of the Malachite
Green carbonium ion is the predominant photolysis reaction in
both Pyrex and quartz containers. In ethyl i dene dichloride
the formation of an unidentified species with uniform
absorbance in the region of 250-280 nm was observed to
compete with photolytic production of the Malachite Green
carbonium ion. In mixtures of ethylene dichloride and
cyclohexane, an abrupt increase in photolytic production of
the Malachite Green carbonium ion occurred when the mole
fraction of ethylene dichloride in the solvent mixture was
0.25. In solvents containing a greater proportion of this
component, the photolytic production of the carbonium ion was
roughly proportional to the mole fraction of ethylene
dichloride. Similar results were obtained in solvent mixtures
of ethylidene dichloride and cyclohexane; however, photolytic
production of the carbonium ion was always greater in
solvents containing ethylene dichloride. The dielectric
constant in the solvent mixtures at which photolytic
carbonium ion production was first detected was approximately
4.5.
To explain these observations, Holmes proposed the
mechanism which is illustrated in Figure 1. In this mechanism
high energy photolysis produces an excited state intermediate
which reacts to produce tri arylmethyl radicals in solvents of
low dielectric constant, and reacts to produce ionic or free
radical products in solvents of high dielectric constant. The
ionic reaction is promoted by solvents of lower dipole
moment. The free radical products undergo oxidation, chain
reaction, or reaction with the solvent. Lower energy
photolysis produces an excited state intermediate which
reacts to produce ionic products in solvents of high
dielectric constant, and forms an unstable complex in
solvents of low dielectric constant. The ionic products
formed by any pathway are permitted to thermally recombine to
produce the original leucocyanide material.
Sporer (13) found no evidence of the formation of
triarylmethyl radicals in cyclohexane. When degassed
solutions of Malachite Green leucocyanide in cyclohexane were
irradiated with a high-pressure mercury lamp, no coloration
due to the presence of the triarylmethyl radical was
observed. Irradiation of this syt tern after the addition of
10
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Figure 1. Photochromism mechanism proposed by Holmes (12)
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vinyl chloride produced a pale green polymer. The coloration
of the polymer could not be removed by treatment with dilute
hydrochloric acid and methanol solution, or by repeated
washing with water after precipitation of the polymer from
methyl ethyl ketone. Had the polymerization reaction been
initiated or terminated by a triarylmethyl radical, this
species would be present in the polymer chain in a
tetrahedral configuration. This is inconsistent with the
coloration of the polymer obtained.
Triarylmethyl radicals were also not observed in e.s.r.
measurements on irradiated solutions of Malachite Green
leucocyanide in ethanol (95%), t-butyl alcohol, and
cyclohexane all at liquid nitrogen temperature. Sporer found
the e.s.r. spectrum obtained for irradiated dimethylani line
in ethanol (95%) at liquid nitrogen temperature was identical
to the spectrum obtained for Malachite Green leucocyanide.
Following the photoreactions proposed for dimethyl ani line by
Porter and Strachan (14), Sporer proposed that the radical
production occurs through the cleavage of the nitrogen-methyl
bond. The reactive methyl radicals produced in the
photoreaction subsequently abstract a proton from the
solvent.
This mechanism of radical formation was also used to
explain the polymer product obtained after photolysis of
Malachite Green leucocyanide in solvents of low dielectric
constant. If the polymerization was initiated or terminated
12
by radicals produced by cleavage of the nitrogen-methyl bond,
then the dye forming capacity of the molecule would not be
lost. Sporer suggested that the local dielectric constant of
the medium in the vicinity of such a dye-forming site on the
polymer may be sufficiently high to support photolytic
production of the colored carbonium ion.
Sporer also demonstrated that the photoreactions
observed by Holmes (12) for Malachite Green leucocyanide in
aerated cyclohexane could be duplicated with dimethyl ani line
in aerated cyclohexane. These photoreactions compete with
photoionization in ethanol (95%) with a quantum yield of
0.02. The quantum yield of the cleavage of the
nitrogen-methyl bond in Malachite Green leucocyanide in
ethanol (95%) of 0.02 is not inconsistent with the reported
quantum yield for photoionization in this solvent of 1.00
(15-16) and 0.91 (17) .
The mechanism of photoionization was described by Sporer
using N-phenyl-1-naphthyl amine as a model for Victoria Blue B
leucocyanide. The fluorescence spectra of these two materials
are essentially the same. As a result, Sporer suggested that
the N-phenyl-1-naphthylamine group on the Victoria Blue B
leucocyanide behaves as an isolated molecule, even in the
singlet excited state. If photoionization was to take place
from the singlet excited state, then within the fluorescence
time scale, the leucocyanide would have to undergo
rearrangement from the tetrahedral to the trigonal
13
configuration. The conjugated structure would have an
emission spectrum significantly red-shifted from the isolated
N-phenyl-1-naphthylamine, and this was not observed in the
fluorescence spectrum of the Victoria Blue B leucocyanide.
Photoionization from a triplet state was also ruled out
by Sporer because of the dielectric constant dependence of
the reaction and the lack of sensitivity of photoionization
to the presence of oxygen. Sporer speculated that
photoionization may occur after the excited leucocyanide
crosses over to another undefined state, or after the excited
leucocyanide internally converts to a high vibrational level
of the ground state.
The absorption and emission spectra and quantum yields
of photoionization of a large group of substituted
tri arylmethane leucocyanides have been reported by Herz (18).
Herz observes that the fluorescence and phosphorescence
spectra of all of the leucocyanides studied were essentially
the same as the isolated aryl chromophore with the lowest
energy excited states. This was attributed to the highly
efficient intramolecular energy transfer between the isolated
chromophores. In general the emission efficiencies of the
leucocyanides measured at room temperature were lower than
the values obtained for the aryl component model compounds.
Herz explained this loss of emission efficiency as the result
of other dissipative processes, particularly the
photoionization reaction. Herz also observed that the
14
efficiency of photoionization is reduced for leucocyanides
with halogen, carbonyl , and nitro substituents which increase
the efficiency of intersystem crossing, or naphthyl
substituents which increase the efficiency of fluorescence.
On the basis of this competition between emission processes
and photoionization, Herz suggested that the first singlet
excited state is the precursor to ionization.
Herz also provided additional evidence to rule out the
possibility of photoionization from the triplet excited
state. Using a nitrogen laser with a 10 ns pulse width, the
rate of 10s sec-1 for coloration due to
photoionization was observed. Herz suggested that this rate
was incompatible with a long-lived excited state triplet
precursor (Tp = 2 sec). The lifetimes of the triplet
excited states of leucocyanides which undergo photoionization
were found to be essentially the same as the model aryl
chromophores. If photoionization occurred from the triplet
excited state, this additional route for depopulation of the
triplet excited state would be expected to reduce the
phosphorescence lifetime. This was not observed.
Brown and Cosa (19) reevaluated the fluorescence
lifetime and fluorescence quantum yield for Malachite Green
leucocyanide and N,N-dimethylaniline. They observed the same
solvent dependence of fluorescence properties as reported by
Herz (18) although their values for the quantum yield of
fluorescence are in somewhat better aggreement with the
15
quantum yield of photoionization (17). The fluorescence
properties of the model compound N,N-dimethyl ani line were
found to be independent of solvent polarity. Brown and Cosa
used this to support their view that photoionization of the
leucocyanide occurs from the first singlet excited state.
Brown and Cosa (19) have also addressed the suggestion
by Sporer (13) , that photoionization from the first singlet
excited state would require a significant red-shift in
fluorescence emission. They observed that this would be a
requirement if the precursor to ionization was trigonal and
planar; however, they point out that in the crystal structure
for Pararosaniline perchlorate, the aromatic rings are
rotated approximately 30 (20). Brown and Cosa suggested
that if this was the case for the precursor, then a red-shift
in the fluorescence emission resulting from the orbital
overlap possible in the planar structure would not be
observed.
Gieger, Turro, and Waddell (21) have reported
unsuccessful attempts to triplet sensitize dye formation from
Brilliant Green leucocyanide. They reported identical rate
constants for the quenching of dye formation and the
quenching of fluorescence for Brilliant Green leucocyanide
with crotonitrile. This result was used to support the
conclusion of Herz (18), that photoionization occurs from the
first excited singlet state.
16
They proposed the mechanism illustrated in Figure 2 to
explain the photochemical behavior for Brilliant Green
leucocyanide. This mechanism proposes a path by which
excitation energy which is originally localized in an
TTYT~
state can be transferred to a S',o'* state
associated with the leuco bond in order to facilitate
dissociation. In this mechanism, an energy barrier along the
dissociation coordinate in the first excited singlet state
may be reduced from interaction with a higher energy
6,6~
state. The magnitude of this barrier on the singlet
excited state surface is diminished in polar solvents. This
accounts for the competition between fluorescence and
photoionization in polar and nonpolar media.
Following the photoionization mechanism proposed by
Gieger, Turro, and Waddell (21), in the present investigation
semi -empirical molecular orbital methods are used to
calculate the electronic ground and excited state potential
surfaces for the photoionization of Pararosaniline
1 eucocyani de.
17
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Figure 2. Excited state surfaces for Brilliant Green
leucocyanide (21): (a) nonpolar solvent,
(b) polar solvent.
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METHODOLOGY
Roothaan (22) has described a method for the solution of
the Hartree-Fock equations in which molecular orbital s are
expressed as linear combinations of atomic orbitals (LCAO) .
The expansion coefficients are found so as to minimize the
total energy of the molecular system, the result being a set
of self -consistent field (SCF) orbitals. In an ab initio
molecular orbital calculation, the number of integral
evaluations required is proportional to the fourth power of
the number of basis functions used. Since at least one basis
function is used for each atomic orbital, this restricts the
use of ab initio calculations to rather small molecular
systems.
Because ab initio molecular orbital calculations of
ground and excited state properties for a molecule of the
size of Pararosaniline leucocyanide presently is beyond the
capacity of most scalar computers, approximate semi -empirical
molecular orbital methods are generally employed for
molecules of this size. Pople and co-workers (23-26) have
described several approximate methods based on the LCAO-SCF
approach. In these approximate methods, only valence
electrons are considered explicitly, and one Slater type
basis function is used to represent each valence atomic
orbital. Other economies are obtained in the approximate
methods by neglecting and parameterizing certain electronic
integrals. Thus, in the complete neglect of differential
19
overlap method (CNDO) , products of different atomic orbitals
associated with the same electron are always neglected in
electronic repulsion integrals. In another method, neglect of
diatomic differential overlap (NDDO) , products of different
atomic orbitals are neglected only if the orbitals are on
different nuclear centers.
Although Del Bene and Jaffe (27) have used a version of
CNDO with configuration interaction to describe excited state
properties of organic molecules, perhaps the greatest success
has been obtained by Ridley and Zerner (28-29) using the INDO
method. The intermediate neglect of differential overlap
(INDO). method (26) is essentially the CNDO method with the
inclusion of one-center exchange integrals. A modified
version of the Zerner INDO-SCFCI method was used in this
investigation.
In order to predict molecular geometries, the modified
neglect of differential overlap method (MNDO) was used (30).
This method is a parameterized version of the NDDO method
described by Pople (23) and has been used extensively to
predict ground state molecular properties (30-31).
All of the approximate molecular orbital procedures
described in this section calculate molecular properties in
the absence of any solvent interaction (i.e., they refer to
an idealized single molecule in the gas phase). Because a
polar medium is required to observe the photoionization of
the triarylmethane leucocyanide, the calculated ground and
20
excited state energies have been modified for influence of
the dielectric constant of the medium (32-33) and
dipole-dipole interactions with solvent molecules (34-36).
The influence of the medium is estimated from the Onsager
reaction field theory (37) neglecting the quadrupole and
higher-order terms. In the Onsager model , the medium is
treated as a continuous nonpolarizable dielectric
characterized by macroscopic dielectric constant, . The
energy of dipole-dipole interactions between solute and
solvent has been shown to become increasingly important as
the solvent polarity increases (34). Here the dipole
interaction is calculated assuming an octahedral coordination
of solvent molecules about the solute. Energy differences
calculated for the vapor phase, E(v) , are related to energy
differences including the influence of the solvent, E(s), by
the following equation.
E(s) = E(v) - m!2X/A3(l-LX) - 8mim2 ( 1-exp (-C/2) ) /r3
C = niifliz/r'kT
X = (- 1)/(2E + 1)
L = 2(No= - l)/(Noa + 2)
In these equations, mi and m3 are the dipole
moments of the solute and solvent, respectively. L, , and
ND are the solute polarizability , dielectric constant,
and refractive index. A is the radius of the spherical solute
molecule in the Onsager model, and this is not a well-defined
21
quantity for an aspherical molecule. r is the effective
dipole-dipole interaction distance. k is the Boltzmann
constant, and T is the absolute temperature. In solvents as
polar as ethanol, the term X/(l - LX)R^1, and the term
(1 - exp(-C/2))1.
22
CALCULATIONS
Pararosaniline leucocyanide was chosen as a model
photochromic material for this investigation because it is
known to exhibit photochromic behavior, and because the
molecule belongs to the C3 point group. This is the
highest symmetry group for a substituted tri arylmethane
leucocyanide. In all calculations, this molecule was oriented
with the leuco bond along the z-axis of the cartesian
coordinate system. The methyl cyanide bond was taken as the
reaction coordinate.
This coordinate was varied between 1.3 A and 4.5 A, and
the values of the internal coordinates in Table 2 were
optimized at each point along the reaction coordinate. Any
internal coordinates not listed in Table 2 were fixed to the
standard bond distances and bond angles recommended by Pople
(38). In order to reduce execution time, the geometry
optimization was constrained to preserve the symmetry of the
molecule at each point along the reaction coordinate.
Geometry optimizations were performed using the
optimization method of Fletcher and Powell (39) within the
MNDO LCAO-SCF procedure. This procedure is part of the MOPAC
program package (40) which was used ftr the calculation of
ground state properties in this investigation. The MNDO
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Table 2. Optimized geometries for selected internal
coordinates for Pararosaniline leucocyanide.
R R R R e
(C-C) (CsN) (Ar-C) (N-Ar) (Ar-C-C) Ring Torsion
1.30 1.167 1.577 1.386 108.35 47.15
1.40 1.165 1.567 1.386 107.46 47.78
1.50 1.162 1.558 1.386 106.52 47.68
1.70 1. 159 1.542 1.385 104.44 47.11
1.90 1.160 1.528 1.385 102.51 46.81
2.10 1.161 1.515 1.384 100.28 45.82
2.20 1.162 1.509 1.384 99.15 45.28
2.50 1.167 1.492 1.382 95.93 44.18
2.75 1.170 1.482 1.380 93.66 44.14
3.00 1.173 1.475 1.379 91.94 44.77
3.25 1.174 1.472 1.378 90.77 46.10
3.50 1.175 1.469 1.377 89.94 49.50
3.75 1.175 1.468 1.376 89.40 47.05
4.00 1.175 1.467 1.376 89.10 47.26
4.25 1.175 1.467 1.376 89.00 47. 19
4.50 1.176 1.467 1.376 89.00 46.84
R (C-C) = Reaction coordinate; centr
cyano carbon bond distance
R (CsN) = Cyano carbon-nitrogen bond
R (Ar C) = Central methyl carbon-phen
bond distance
R (N-Ar) = Amine nitrogen-phenyl carb
0 (Ar C-C) = Angle between reaction c
central methyl carbon-ph
Ring torsion = This angle corresponds
phenyl ring about the
central methyl carbon.
zero in the planar tri
Distances are given in Angstroms.
Angles are given in degrees.
al methyl carbon-
distance
yl carbon
on bond distance
oordinate bond and
enyl carbon bond
to the rotation of
bond joining the
This angle is
gonal configuration.
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parameterization used was that described by Dewar and Thiel
(30). Ground state geometries, heats of formation, and dipole
moments were calculated at each point along the reaction
coordinate.
The excited state energies and excited state dipole
moments were calculated for each optimized ground state
geometry along the reaction coordinate. Although this does
not strictly represent the excited state surface, the
distortion between the ground state and the first excited
state as a function of the reaction coordinate is assumed to
be small. The excited state transition energies were
calculated using the INDO-SCF-CI procedure. The bonding
parameters and interaction factors used in this investigation
were those of Ridley and Zerner (28). Coulomb repulsion
integrals were evaluated using the Mataga-Nishimoto formula
(41) as modified by Weiss (28).
Configuration interaction (CI) was performed including
all single excitations between the ten highest occupied and
the ten lowest unoccupied orbitals. The calculated energies
of the three lowest excited singlet states were insensitive
to increases in the number of configurations included in the
CI. Only transition energies for singlet states were
calculated. The excited stat s dipole moments were calculated
neglecting dipole contributions between different
configurations. This approach is partially justified
considering that both the matrix of CI coefficients and the
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dipole matrix between configurations are typically sparse
matrices.
The correction for the solvent medium was added as an
addendum to the calculated ground state and excited state
surfaces. Solvent corrections were made for dimethyl
sulfoxide, N,N-dimethyl formamide, and ethanol. In the solvent
model employed, the choice of the parameter A for
Pararosaniline is particularly difficult because the
principal charge separation occurs in just a small region of
the total molecule. Taking A to be the radius of the sphere
inscribing the entire molecule will significantly
underestimate the influence of the solvent. Koppel and Palm.
(42) studying the influence of solvent on t-butyl chloride
used the C-Cl bond distance to estimate the effective solute
radius. In the present investigation the starting value of A
has been obtained by taking the sum of half the reaction
coordinate distance, the cyanide bond distance, and a
o
constant value of 1 A. The initial value used for the
o
dipole-dipole interaction distance was 4 A. Small changes in
these interaction distances were made in order to determine
the sensitivity of the calculated solvent stabilization to
these model parameters.
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RESULTS
The ground state and excited state potential surfaces
for Pararosaniline leucocyanide with no solvent interaction
are shown in Figure 3. Potential surfaces for Pararosaniline
leucocyanide in dimethyl sulfoxide, N,N-dimethyl formamide,
and ethanol are shown in Figures 4-6. The solvent interaction
for these surfaces was calculated using the best estimates
for the solvent-solute interaction distances. The solute
radius, A, was taken as the sum of half of the reaction
coordinate distance and 2.2 A. A dipole interaction distance
o
of 4.0 A. was used.
In order to illustrate the sensitivity of the solvent
stabilization to the solvent-solute interaction distances,
the solute radius and the dipole interaction distance were
selectively modified. The potential surfaces for the same
solvent series in Figures 7-9 were calculated using a solute
radius corresponding to the sum of half the reaction
0
coordinate and 3.2 A. The potential surfaces for the solvent
series in Figures 10-12 were calculated using a dipole
o
interaction distance of 6.0 A. In Figures 13-15, both
distance modifications were incorporated into the potential
surface calculations. The energy barriers obtained for the
ground state and excited state surfaces for each set of
solvent interaction distances in each solvent are reported in
Table 3. Energy barriers for dipole interaction distances
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between 2.5 A and 4.0 A in dimethyl sulfoxide are also
reported in Table 3.
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Figure 3. Excited state (A) and ground state (o) potential
surfaces with no solvent correction.
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Figure 4. Excited state (A) and ground state (o) potential
surfaces in dimethyl sulfoxide with solute
radius A (r/2 + 2.2) and dipole-dipole
distance 4.0 A.
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Figure 5. Excited state (A) and ground state (a) potential
surfaces in N,N-dimethyl formamide with solute
radius A = (r/2 + 2.2) and dipole-dipole
distance 4.0 A.
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Figure 6. Excited state (A) and ground state (o) potential
surfaces in ethanol with solute
radius A = (r/2 + 2.2) and dipole-dipole
distance 4.0 A.
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Figure 7. Excited state (A) and ground state (o) potential
surfaces in dimethyl sulfoxide with solute
radius A = (r/2 + 3.2) and dipole-dipole
distance 4.0 A.
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Figure 8. Excited state (A) and ground state (o) potential
surfaces in N,N-dimethyl formamide with solute
radius A = (r/2 + 3.2) and dipole-dipole
distance 4.0 A.
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Figure 9. Excited state (A) and ground state (o) potential
surfaces in ethanol with solute
radius A = <r~/2 + 3.2) and dipole-dipole
distance 4.0 A.
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Figure 10. Excited state (A) and ground state (o) potential
surfaces in dimethyl sulfoxide with solute
radius A = (r*2 + 2.2) and dipole-dipole
distance 6.0 A.
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Figure 11. Excited state (A) and ground state (o) potential
surfaces in N,N-dimethyl formamide with solute
radius A = (r/2 + ?. .2) i.v.d dipole-dipole
distance 6.0 A .
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Figure 12. Excited state (A) and ground state (o) potential
surfaces in ethanol with solute
radius A = (r/2 + 2.2) and dipole-dipole
distance 6.0 A.
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Figure 13. Excited state (A) and ground state (o) potential
surfaces in dimethyl sulfoxide with solute
radius A = <r~/2 + 3.2) and dipole-dipole
distance 6.0 A.
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Figure 14. Excited stale (A) and ground state (o) potential
surfaces in N,N-dimethyl formamide with solute
radius A = (r/2 + 3.2) and dipole-dipole
distance 6.0 A.
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Figure 15. Excised state (A) and ground state (o) potential
surfaces in ethanol with solute
radius A = <r(2 + 3.2) and dipole-dipole
distance 6.0 A.
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Table 3. Energy Barriers in the excited and ground
state potential surfaces.
Solvent r
o A= E. E_
(A)i 1(A) (kcal/mole)i
DMSO 4.,0 2.,2 59.,01 37. 50
DMF 4. 0 2.,2 59. 77 37. 62
ETOH 4.,0 2.,2 72. 13 48. 64
DMSO 4. 0 3. 2 60. 43 40. 01
DMF 4. 0 3.,2 61. 09 41. 20
ETOH 4. 0 3.,2 77. 90 52.,98
DMSO 6. 0 2.,2 73. 04 49.,03
DMF 6. 0 2. 2 74. 06 49. 75
ETOH 6. 0 2.,2 77.,40 51.,99
DMSO 6. 0 3. 2 79. 76 54. 08
DMF 6. 0 3.,2 BO. 38 54. 51
ETOH 6. 0 3. 2 84. 61 56.,31
DMSO 3. 5 2.,2 50. 79 35. 10
DMSO 3. 3 2. 2 45. 59 33. 71
DMSO 3. 0 2. 2 40. 51 31. 92
DMSO 2. 8 2. 2 34. 45 29. 53
DMSO 2. 5 2. 2 32.,85 26.,41
DMSO dimethyl sulfoxide
dielectric constant = 48.9
dipole moment = 3.96 D
DMF = N,N-dimethyl formamide
dielectric constant = 36.7
dipole moment = 3.82 D
ETOH = ethanol
dielectric constant = 24.3
dipole moment = 1.69 D
Ae = the distance added to half the reaction
coordinate to obtain the solute radius
dipole interaction distance
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DISCUSSION
The ground state potential surface calculated using the
MNDO-SCF method is shown in Figure 3. There is no
dissociative region on this ground state surface. When the
surface is corrected for the influence of the medium, a
transition state is observed on the surface at approximately
2.2 A in dimethyl sulfoxide (Figure 4), 2.3 A in
N,N-dimethyl formamide (Figure 5), and 2.4 4 in ethanol
(Figure 6) .
By increasing the solute radius and dipole interaction
distance parameters in the solvent interaction model, the
influence of solvent stabilization was diminished. This is
illustrated by the increasing energy barriers obtained in the
ground state potential surface reported in Table 3. The
sensitivity of the surface to changes in solvent polarity
diminish as the solvent interaction distances are increased.
When the solute radius was taken as the sum of half the
reaction coordinate and 2.2 A, and the dipole interaction
distance was 4.0 A, the difference in ground state energy
barriers between dimethyl sulfoxide and ethanol was
13.1 kcal/mole. When the solute radius was taken as the sum
of half the reaction coordinate and 3.2 A, and the dipole
interaction distance was 6.0 A, the difference in the energy
barriers between the same two solvents was 4.9 kcal/mole. The
solvent interaction distances also influence the position of
the energy barrier along the reaction coordinate. As these
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distances are increased, the ground state barrier moves to
the right on the reaction coordinate (Figures 4-15).
The large energy barrier observed on the ground state
potential surface in dimethyl sulfoxide, the most polar
solvent studied, is consistent with the observation that
Pararosaniline does not thermally dissociate. There is no
other experimental evidence indicating the magnitude of the
ground state barrier for dissociation. Hence, there is no
convenient way to calibrate the solvent stabilization model
employed. Although the selection of solvent interaction
distances for this solvent model is not entirely
straightforward, the range of distances used in this
investigation covers the useful range for the Pararosaniline
leucocyanide system. Clearly, any further increases in the
solvent interaction distances would be unsatisfactory on
physical as well as intuitive grounds. It was found that
reducing the dipole interaction distance from 4.00 A to
2.50 A diminished the energy barrier on the excited state
surface only 11 kcal/mole; however, this change also resulted
in unreasonably large (500 kcal/mole) solvent stabilization
energies.
The lowest excited singlet state potential surface can
be qualitatively divided into three regions. For reaction
coordinate distances between 1.30 A and 1.70 A, the lowest
excited state arises from
Tf->TT'" transitions which are
localized in the phenyl rings. For reaction coordinate
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distances between 2.75 A and 4.50 A, the lowest excited state
arises from 6->& transitions between the cyanide and
the central methyl carbon (i.e., essentially intramolecular
charge-transfer transitions). In the intermediate region
between 1.70 A and 2.75 A, a mixing of states is observed.
The mixing occurs between one state of A symmetry arising
from TT->TY* transitions, and a second state of A
symmetry arising from 6->6~ transitions. Through this
mixing, the lowest singlet excited state is transformed from
a state composed of Tt>'rr* transitions to a state
composed of &->&* transitions as the reaction coordinate
distance increases.
Although these three regions of the excited state
surface are evident for the vapor phase photoionization
(Figure 3) , the distinction between the regions is more
pronounced when the solvent correction is applied to the
excited state surface. The appearance of a transition state
followed by a new minimum in the surface is the result of the
interaction of the solvent with the dipole of the excited
state. The Tr->TT"* transitions contribute significantly
to the total state dipole moment, whereas the
&->6~
transitions make essentially no contribution to the state
dipole moment. Consequently, the solvent stabilization is
manifested most strongly in the region of the surface in
which the T?'->TTH* transitions dominate the first excited
state.
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Beyond a reaction coordinate distance of 2.75 A, the
excited state surface arises from 6'->6'- transitions
between the cyanide and the central methyl carbon.
Transitions of this type are probably not realistic over this
large distance, particularly if the dissociating products are
solvated. These transitions reflect the inadaquancy of the
approach of treating the solvent influence purely as an
addendum in the calculation of the surface. Including the
solvent effects explicitly in the molecular orbital
calculation would provide a better estimate of the surface in
this region; however, an accurate calculation of this is
beyond the capacity of any available computer.
The influence of the solvent polarity on the excited
state potential surface is illustrated in Figures 4-15. The
energy barriers for dissociation in the excited state are
reported in Table 3. Generally, the energy barriers in the
excited state are 2/3 of the ground state barrier. The
magnitude of the barriers in the excited state show a
sensitivity to changes in solvent interaction distances,
similar to the sensitivity demonstrated in the ground state.
The position of the transition state on the excited state
surface, calculated with the original solvent interaction
distances, shifts from 1.90 A in dimethyl sulfoxide to 2.10 A
in ethanol. The location of the transition state along the
reaction coordinate was insensitive to changes in solvent
polarity when larger solvent
interaction distances were used.
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Changes in solvent polarity and changes in solvent
interaction distances had no influence on the position of the
minimum following the transition state.
The calculated ground and excited state potential
surfaces are in agreement with the photochemical mechanism
proposed by Gieger, Turro, and Waddell (21). In particular,
their proposal of an avoided crossing of a
G,t~
excited
state with a TNTT* excited state is explained in terms
of the mixing of two excited states of the same symmetry. One
excited state arises from 6"->>~ transitions, the other
excited state arises from Tr->TT~ transitions. The
energy barrier for dissociation in the excited state
diminishes with increasing solvent polarity; therefore, the
excited state photoionization process is enhanced in polar
solvents.
The fate of molecules with sufficient energy to cross
the barrier in the excited state surface was not addressed by
Gieger, Turro, and Waddell (21). Fluorescence measurements of
leucocyanides in polar solvents (19) revealed no emission
characteristic of the excited state products of
photoionization. This is consistent with a photoionization
pathway in which, after traversing the excited state surface
barrier, the excited leucocyanide internally converts to a
high vibrational level on the dissociative portion of the
ground state potential surface.
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CONCLUSIONS
The calculations performed in this investigation clarify
the photoionization mechanism in which the photoexcited
leucocyanide dissociates from the first excited singlet
state. However, the energy barriers calculated with the
solvent model employed in this investigation are
substantially higher than energy barriers generally
considered to be thermally accessible. Because there have
been no experimental determinations of these energy barriers,
it is difficult to conclude if the calculated barrier
energies are realistic, or if these barriers are the result
of inadaquacies in the solvent model. Some direct measurement
of the excited state surface energy barrier for a
leucocyanide material would be useful in resolving this
difficulty.
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